A number of studies have shown that performing a secondary task while executing a time-judgment task impairs performance on the latter task. However, this turns out not to be the case for certain motor secondary tasks. We show that concomitant secondary motor tasks involving pointing, when performed during a time-judgment task, can actually improve our time-judgment abilities. We compared adult participants' performance in a time-of-movement paradigm with visual pursuit-only and with visual pursuit plus hand pursuit. Rather than interfering with their estimation of stimulus movement duration, the addition of hand pursuit significantly improved their judgment. In addition, we considered the effect of three different movement profiles and four different movement speeds for the moving stimulus. As predicted by Vierordt's law, time judgments of shorter stimuli are overestimated and longer stimuli underestimated. Finally, timing performances appear to improve when the moving target follows a ''biological'' velocity profile.
O ur effectiveness in everyday tasks depends on our ability to perform actions ''on time''. Action adjustment, multiple-task coordination or synchronization, and waiting, are examples in which the central nervous system evaluates and coordinates the flow of time and action production. A considerable amount of work has been devoted to the study of timing abilities coupled to other temporal or non-temporal tasks 1 . In particular, researchers have looked at the deleterious effects of a variety of secondary tasks on the time perception. The fact that the performance of secondary tasks interferes with time perception has been called ''one of the most consistent findings in the time-perception literature'' 2 . Concomitant verbal functions, visual processing or spatial tasks tend to reduce the perceived time interval compared to a ''no-secondary-task'' control condition [3] [4] [5] . Cognitive tasks also cause shortening of perceived-time intervals and/or induce a larger error in time judgment 2, 6, 7 . This perceived shortening of time is mainly attributed to a reduction of mental resources (memory, attention, or processing capability) 2, 3, 5, 6 , or as the effect of contextual factors 4, 6, 7 . However, relatively little work has been done on the effect of motor tasks on time perception. Hawkins and Meyer 8 used a mechanical problem-solving task. Brown (1985) 6 adopted a mirror drawing and Brown (1997) 2 used a pursuit-and-tracking task. They found that the presence of a secondary motor task shortened perceived time. In other words, they demonstrate that concomitant motor tasks interfere with interval timing for the tasks performed by their participants. In contrast, the goal of the present paper is to consider the extent to which a concomitant motor task could improve time-judgment performance. Based on the resource-economy principle of Navon and Gopher 9 , Brown 2 has suggested that these results could be task-dependent. In other words, the appropriate choice of a concurrent secondary task could potentially make the principal time-perception task easier. We will use as a principal task the timing of an upward moving stimulus, and a visually guided hand tracking of the same target as the concurrent secondary task. In our first experiment, participants were asked to reproduce the time of movement of a target moving on a PC screen. After having seen the target move across the screen, they had to reproduce the duration of travel by pressing and holding a push-button positioned in front of the screen. In the second test they were asked to pursue the target during its motion with their dominant hand, and then to give their response in the same way of the first test. Because in the second test the focus of both tasks is on the same event, we expect better performance in the double-task condition compared to the ''easier'' simple visual pursuit of the moving stimulus. Two other variables were manipulated in the present paper --namely, the average speed of the target stimulus and its velocity profile. We examined three different velocity profiles (''Bio has demonstrated that performance on certain tracking tasks improves when the target follows a biologically plausible trajectory.
Concerning the average velocity of the target stimulus, previous research has shown larger errors in determining the starting and the ending points of a moving stimulus as its velocity increases 12, 13 . Thus, we can expect participants to demonstrate improved timejudgment accuracy for slower target velocities.
The key result of this paper is to show the benefit of motor function on timing for the type of task proposed. In the single-task condition participants tend to overestimate time durations 14 . The introduction of hand pursuit of the moving target as a secondary task significantly reduces the temporal estimation error. Four different durations were adopted for the stimulus motion; the analysis of the collected data shows a systematic overestimation of the shorter time intervals (in agreement with the Vierordt's law), and a systematic underestimation of longer intervals. Finally, in agreement with previous findings 15 , the comparison between the three different velocity profiles shows that participants were more accurate in time perception when the moving stimulus followed a biological law of motion.
In summary, the present results demonstrate that the secondary motor task, rather than interfering with time-perception judgments, actually significantly improved them compared to a time judgment based on visual observation of the stimulus alone.
Results
To more easily identify the two main Tracking-Type conditions, we will designate them as follows: ''Visual Pursuit Only'' (VPO), and ''Visual Pursuit 1 Hand Pursuit'' (VPHP). Accuracy and precision of the participants' estimations in the VPO and VPHP conditions were evaluated in terms of Constant Error (CE) and Variable Error (VE) 16 . The CE was calculated as a difference between each subject response and the actual movement duration; negative values indicate underestimation of the time duration. The VE is calculated as a standard deviation of the responses of each participant, in each condition. We performed a multi-way ANOVA on CEs on the four within factors: Tracking-Type (VPO, VPHP), Movement-Type (BIO, Tri, Const), Velocity (Vel_1, Vel_2, Vel_3 and Vel_4) and Repetition (1 to 4). (We define the Movement-Types below.) The same four within factors are employed to perform the one-way ANOVAs on VEs.
An ANOVA showed the Tracking-Type main factor to be statistically significant (F(1, 25) The interaction between Tracking-Type and Movement-Type is not-significant.
Discussion
The present work investigates the possibility that particular motor functions can improve our timing capabilities. We compared participants' timing performances in a single-task and a double-task paradigm, where the primary task involved visual pursuit of a visual target and the secondary task consisted of a concomitant hand pursuit (i.e. a motor task) of the same target. Rather than interfering with timejudgment performance, we found that the secondary motor task significantly improved it. This result could be explained by the availability of the efferent copy of the hand-pursuit motor control for the CNS [17] [18] [19] that enriches the perception of the temporal progression of motion. 
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The experimental results in the single-task paradigm (i.e., the Visual Pursuit Only, VPO, condition) show that participants generally overestimate the duration of stimulus movement. A constanterror analysis shows that participants' time-judgment performance improved in the double-task condition compared to than in the single-task timing. The variable-error analysis indicates that, when the motor function was involved in timing, participants were more precise in their time estimates.
The overestimation of the duration of a moving stimulus that we observed is in agreement with previous findings demonstrating that the dilation of perceived time is a direct result of stimulus movement 14, [20] [21] [22] . Brown (Brown, 1995 14 , experiments 1 and 2) showed that static stimuli generally are not affected by this misperception. Poynter hypothesized the perceived time duration to be determined by the amount of changes experienced 23 . In a similar vein, RoveeCollier 24 proposed that time perception varies according to a person's cognitive processing performed during a given interval. Brown 14 suggested that perceived ''time dilatation'' could be associated with the increase in changes experienced when the stimulus moves, because ''… moving stimuli occupy a sequence of different spatial positions, and thus provide to the observer a dynamic pattern of changing events''.
The effect on time-judgment of a secondary task associated with the primary task has generally been shown to be deleterious 1, 2, 7, 25 . In contrast to these studies, the present study demonstrates that concomitant motor activity associated with the primary task can produce an improvement of timing performance, even though a combined motor pursuit task and a visual pursuit task is a more complex task than a visual pursuit task alone.
Gavazzi speculated about a potential positive effect of associating motor activity and visually based time perception 15 . However, their approach mainly focused on the benefit of biological motion perception and involved only a single-task paradigm. In the present paper, we investigated timing in two experimental conditions, with and without an associated secondary motor task. Our results show an improvement produced by motor functions on time perception, supporting the existence of a ''concurrence benefit'' theorized by Navon and Gopher 9 and applied specifically to time perception by Brown 2 . Numerous models have been proposed, to explain how the brain creates its internal representation of the time 1 . The principles underlying these models can be broadly classified into two categories: (1) those proposing the existence of dedicated functional structures for time perception (e.g. the pacemaker-accumulator model 26, 27 ; the multiple-oscillator model 28 , etc.), and (2) those assuming that motor, sensory, memory and cognitive processes act to keep time during its activities [29] [30] [31] [32] [33] . The present results support the latter hypothesis. Research based on FMRI analysis of timing tasks and the study of focal brain lesions show the involvement of certain areas in time perception 34 . Spencer 35 and Bo 36 found decreased performance for motor timing when cerebellar lesions are present in the human brain. O'Reilly 37 observed cerebellum activation, as well as middle-parietal area activation, during spatio-temporal prediction tasks (see also Beudel 38 ). Lewis & Miall speculated that the cerebellum was linked specifically to motor representations of sub-second durations 39 . Recordings of neuronal activity by Akkal showed activation related to the action timing in the pre-supplementary motor area 40 . These experimental results, taken as a whole, support the theory that the neuronal mechanisms to achieve timing are distributed across different brain areas and that internal motor representations associated with temporal activity can improve the perception of time and motion.
Participants saw a stimulus moving on a vertical trajectory on the screen at one of four possible average velocities. Their time-judgment responses showed (1) an underestimation of the motion duration at slower speeds, i.e., where the stimulus movement lasted 3 seconds, (2) a good accuracy with the motion lasting 1.5 seconds; and (3) a progressive overestimation of motion duration as the duration decreases from 1.5 up to 0.5 seconds (see Figure 2C) .
These results are in agreement with the Vierordt's law that says, in a retrospective timing paradigm, shorter intervals of time are generally overestimated, and longer intervals are generally underestimated 41, 42 . These errors have generally been explained as a memory effect and have been reported under a variety of different experimental conditions 14, 43, 44 . The work presented in the present paper supports this prior work on the influence of target velocity on time-duration judgments of moving stimuli.
The interaction between Tracking-Type and Movement-Type is not-significant, indicating that the support provided by the motricity improves performance irrespective of the type of motion. The combined analysis of the Motion-Type and the Velocity (Figure 3) shows that time perception of a moving stimulus is better when the stimulus follows a ''biological'' law of motion 10, 11 rather than other laws violating biological constraints, even if the latter appear less complex. This holds for all conditions except the slowest (3 seconds).
These findings are in agreement with previous work showing improved timing performance when the moving target follows a biological velocity profile. Carlini 11 and Pozzo 10 compared biological and non-biological kinematics by means of an investigation of the spatial localization of the starting and the ending points of a moving target. They found improved localization precision when the target followed the biological law of motion, demonstrating the availability and the benefit of the internal model of the biological kinematics. Recent work by Gavazzi 15 compared biological and non-biological motions in a single-task time-reproduction task. In the first condition participants had to reproduce the duration of a displayed straight-line motion by pressing a push-button; in the second condition they had to produce an arm-pointing movement whose duration matched the duration of a stimulus motion. Their results show the equivalence of the two conditions and the improved performance when the stimulus followed the biological law of motion.
Our results constitute the first confirmation of which we are aware -based on the task-accomplishment accuracy -of the improved capabilities in time perception when the stimulus follows a biological law of motion. Moreover, the constancy of the Variable Error over the three conditions indicates equal precision in participants' responses. This result strongly supports the hypothesis that internal models of action are used to calibrate the time perception of a visual motion.
In conclusion, the experimental results presented in this paper suggest an advantageous contribution of the motor system to visual perception when doing interval time judgments of moving stimuli.
Methods
Participants. Twenty-nine students/employees of the University of Burgundy took part in the experiment (10 m, 19 f, age: M 5 26.21, SD 5 5.13). All reported having normal or corrected-to-normal visual acuity. All participants were naive with regard to the purpose of the study; all participants performed both the single-task (a motion timing) and the double-task (a motion timing with a concurrent hand pursuit) tests. The protocol was in agreement with the Helsinki Declaration (1964 and subsequent revisions), the CNRS's guidelines (French National Center for Scientific Research), and the French Psychology Society Code of Conduct. The protocol was non-invasive and posed no risks for participants. French legislation for this type of research does not require approval by an ethics review board; a qualified person supervised the research. Written informed consent was obtained from each participant in the study.
Three participants gave responses more than twice the standard deviation from the mean of the group, and their data were removed from the analyses.
Apparatus and stimuli. The stimuli were displayed on a 17-inch color flat monitor (1280 3 1024). All stimuli were handled and displayed using the Psychophysics Toolbox for Matlab (Brainard 1997 45 ; Pelli 1997 46 ). Each stimulus was a light-gray disk (fifteen pixels in diameter, about 0.38u of visual angle) moving on a black background.
A push-button was situated in front of the screen at a comfortable distance (about 30 cm from the participant) to allow participants to give their responses.
The stimulus moved vertically in a straight line, as described below, within a presentation window of 1000 3 740 pixels centered on the screen. Each trial was randomly displayed in a different position within the presentation window.
The length of trajectory of the moving stimulus was 600 pixels in all trials (about 15 degrees in the participant's visual field). The stimulus always moved upward in a straight, vertical line. One of three different laws of motion was applied to the stimulus motion: one biological and two non-biological (Figure 1) . The biological velocity profile (BIO) was obtained as the average velocity profile of several arm pointing movements, with straight arm and upward oriented, previously recorded in frontal view (Papaxanthis 1998 44 ). The two non-biological laws consisted in a constant velocity profile (Const) and a triangular velocity profile (Tri), characterized by a linear acceleration and deceleration of the stimulus.
Each velocity profile was presented with one four possible average velocities: 5, 10, 15 and 30 degrees/second (corresponding to 3.0, 1.5, 1.0 and 0.5 seconds of motion duration). Each Velocity Profile with each Velocity was presented 4 times to each participant. The 48 trials (3 Velocity profile 3 4 Velocity 3 4 Repetitions) were presented in a random order. There were two conditions and a two-part familiarization phase as described below. The two conditions were i) Visual Pursuit Only (VPO), where the participants were told to follow the moving stimulus with their eyes only, and ii) the Visual Pursuit 1 Hand Pursuit (VPHP), in which they were told to follow the moving stimulus with their eyes and to follow the stimulus by pointing to it as it moved with their dominant arm.
Procedure. Each participant sat at a comfortable viewing distance from the screen (about 60 cm) in a dimly light room. Participants were informed that the experiment was composed of a familiarization phase and a trial phase. They were asked to make an informed guess about the duration in time of each displayed stimulus. Participants were also asked to push the button with their dominant hand only.
Each participant performed the three phases in the same order: (1) familiarization, (2) visual-pursuit-only condition (VPO), and (3) visual pursuit 1 hand pursuit condition (VPHP).
Familiarization. The familiarization phase consisted of two parts. It was very important for participants to be familiar with maintaining a button-press to reproduce a previously observed time interval. In addition, they needed to be familiar with using a button-press procedure to reproduce a dynamically evolving stimulus. Consequently, the familiarization phase was divided into two short sections, each lasting slightly less than 3 minutes.
In the first, participants were familiarized with button-pressing to reproduce a static stimulus that appeared on the screen. After reading the screen page with the written instructions, the participant was invited to start the test by pressing the pussbutton. This phase of the familiarization procedure was composed of thirty-two trials in which the participant was asked to reproduce the display duration of a static stimulus. Each trial began with a blank interval lasting 1.0-2.2 seconds, and then a green disk (about 40 mm in diameter) was presented in the center of the screen for a pre-determined duration. Sixteen different durations were possible, randomly selected between 0.4 and 3.4 seconds where each possible duration recurred two times. After the disk disappearance, the participant was asked to reproduce the perceived display duration by holding down the push-button for an equivalent time interval. The release of the push-button started the next trial. The new display occurred 0.2 seconds after the release of the push-button. This ''static'' familiarization phase lasted approximately 3 minutes. After completion of the first phase of familiarization, the second phase began. The task for the second phase of familiarization was equivalent to the first phase, except that the stimulus was not static, but moved upward on a straight trajectory. In this phase participants were explicitly asked not to visually pursue the moving stimulus. This familiarization phase was necessary to ensure that participants could apply the button-press procedure to reproduce the duration of a moving stimulus. The requirement that participants continue to fixate the fixation cross (rather than the moving stimulus) was necessary to avoid learning during familiarization.
Test 1: visual-pursuit-only (VPO) condition. In the first test, participants were asked to visually pursue the moving target (a light-gray disk) moving upward on the screen on a straight trajectory. The target moved according to one of the four velocity profiles presented in Figure 1 , as previously described. Each of the 48 trials began with the presentation of an initial blank interval lasting 1.0-2.2 seconds; next the target appeared immediately began moving, and disappeared at the end of its motion. 0.6-1.2 seconds before the moving target appeared, a white dot flashed once for 150 ms, at the point where the moving stimulus would appear and start moving. After the moving disk disappeared the participant attempted to reproduce the duration of the moving stimulus by pushing and holding down a button in front of the screen with their dominant hand. The release of the push-button starts the new trial.
Test 2: visual-pursuit 1 hand-pursuit (VPHP) condition. Identical to the previous tests, except for the presence of the secondary task. During the motion of the stimulus, the participant was asked to perform a hand pursuit of the moving target, with the index of the dominant hand, from the beginning to the end of the stimulus movement. Because the disk was covered by the participant's finger during the pursuit, two thin lines (70 pixels in width and 2 pixels in height) were presented alongside of the disk.
Participants performed the experiment in less than 30 minutes. All participants were tested between 10.00 p.m. and 6.30 p.m.
